Abstract: A (1→3)-β-D-Glucan produced by Lactobacillus suebicus CUPV221 strain was investigated by tapping mode atomic force microscopy (TM-AFM), to compare its supramolecular structure and conformation with two commercial polysaccharides: curdlan and scleroglucan. It was found that the β-D-Glucan was a (1→3)(1→2)-β-D-Glucan and at room temperature formed three-dimensional networks by entanglements between strands, as does scleroglucan. However, (1→3)(1→2)-β-D-Glucan strands seemed to be more stiff than those of scleroglucan. It was also observed that curdlan samples deposited from 5 mM NaOH aqueous solution showed supermolecular assemblies, recognized in the literature as micelles, which are controlled by hydrophobic hydration. The (1→3)(1→2)-β-D-Glucan in alkaline aqueous solutions produced different supramolecular structures depending on pH, and at 0.4 M NaOH (pH 13.16), denaturation took place. After neutralizing the alkaline solution with HCl, the formation of short linear, circular, and hairpin structures was observed.
Introduction
(1→3)-β-D-Glucans from several bacteria and fungi constitute a group of natural polysaccharides with a main chain of (1→3)-linked β-glucopyranosyl units. They can be linear or branched with either (1→6) or (1→2)-linked side chains of varying length and distribution. In plants, (1→3)-β-D-Glucans exhibit a linear structure with mixed β-(1→3) and β-(1→4) glycosidic bonds [1] . These β-glucans have applications in food, pharmaceutical and other industries as emulsifiers, stabilizers, binders, gelling agents, lubricants, and thickening agents [2] . However, a better understanding of the structure-function relationship of these biopolymers remains a challenge to further improve applications and to better satisfy the consumer demand for appealing, tasty and even healthier products [3] . Moreover, these polysaccharides have been extensively studied in the last decade because they have potential as biological response modifiers. Numerous publications describe their biological activities and therapeutic uses [4] , such as antitumor, antibacterial, antiviral, and anticoagulatory effects [5] . The biological activity of these macromolecules is strongly dependent upon chemical as well as physical properties such as conformation or structure, which in turn depend on the environmental conditions [4] .
With respect to the industrial uses of (1→3)-β-D-Glucans, the strictly linear polysaccharide curdlan is the most studied [6] , due to its unique rheological and thermal gelling properties [7] and its ability to form an elastic gel with strong bioactivity [8] . Additionally, its use as an inert dietary fiber is approved in Japan and is registered in the United States as a food additive. Although curdlan has been widely studied [7] [8] [9] , it is possible to contribute to the characterization of this biomacromolecule since unusual and conflicting results can still be found, especially related to its structural analysis [10] . Another (1→3)-β-D-Glucan of industrial importance is scleroglucan, which consists of a main linear chain of (1→3)-β-D-Glucopyranosyl units, with one β-D-Glucopyranosyl unit (1→6) linked to every third unit of the main chain [11] . The most important industrial application of this polymer is in oil recovery and drilling [2] , and its use as an antitumor, antiviral, and antimicrobial compound is being investigated [12] .
A new class of (1→3)-β-D-Glucans synthesized by some lactic acid bacteria (LAB) has been described. These polysaccharides have a primary structure consisting of a trisaccharide-repeating unit with two (1→3)-β linked glucose residues in the main chain, one of which is substituted in position 2 by a terminal glucose. Their gelling properties have also been reported. Since several LAB species have a "Generally Regarded As Safe" (GRAS) status by the American Food and Drug Association, these β-glucans could be an alternative to (1→3)-β-D-Glucans from non-GRAS microbiota. In addition, it has been shown that the (1→3)(1→2)-β-D-Glucan producing Pediococcus parvulus 2.6 exhibits probiotic properties [13] and assays on human ingestion of an oat-based product manufactured with this strain showed a decrease of serum cholesterol levels [14] .
The objective of the work has been to study the supramolecular structure and renaturation of the 2-branched (1→3)-β-D-Glucan produced by Lactobacillus suebicus CUPV221, and to compare the results with those exhibited by curdlan and scleroglucan, which are already of commercial interest.
Experimental Section
The polymers used in the present study were as follows: curdlan C7821, which was supplied by Sigma-Aldrich, scleroglucan Actigum TM CS 11, kindly supplied by Cargill S.L.U. (Martorell, Spain), both polysaccharides were used without any treatment, and a (1→3)(1→2)-β-D-Glucan a exopolysaccharide from a Lactobacillus suebicus CUPV221, a bacterium isolated from a ropy Basque cider. Strain was routinely cultured at 28 °C in Man Rogosa Sharpe (MRS) broth (Pronadisa, Madrid, Spain), and stored in this medium with glycerol at 20% (v/v). For exopolysaccharide production a semidefined (SMD) broth was used without yeast extract, beef extract or peptone, as these ingredients interfere with the β-glucan purification; it contained (in grams per liter of distilled water): glucose 20, casamino acids (Difco) 10, sodium acetate 5, Bacto yeast nitrogen base (BYNB) (Difco) 6.7, K2HPO4 1, KH2PO4 1, Mg2SO4·7H2O 0.2, MnSO4·4H2O 0.1, KCl 0.45, di-ammonium citrate 3.5, Tween 80 1, adenine, uracil, thymine and guanine 0.005. Both glucose and BYNB were sterilized by filtering through a 0.22-μm-pore size Millex-GS filter unit (Millipore, Bedford, TX, USA) and added to the other, autoclaved ingredients. The pH of the SMD medium was adjusted to 4.8 prior to sterilization. The clear supernatant obtained by centrifugation for 30 min at 16,000 g was collected. Crude EPS was precipitated from the supernatant by addition of three volumes of cold ethanol, followed by storage overnight at 4 °C. The polysaccharide was purified by precipitation with ethanol three times and the final precipitate was resuspended in distilled water, dialyzed (Mw cut-off 12,000-14,000 Da) against distilled water for 48 h with water replacement twice a day, and finally lyophilized.
The supramolecular structure and conformation of the polysaccharides were studied by tapping mode atomic force microscopy (TM-AFM) performed on a scanning probe microscope (SPM) (Nanoscope IVa, Multimode™ from Digital Instruments) operating in tapping mode (TM-AFM) at room temperature. Samples were placed on top of a "J" piezoelectric scanner, the maximum xy imaging range of which was ~100 µm, and scanned at a frequency of 0.2-1 Hz using the MPP-12100 silicon probes of Veeco. Several specimens were scanned in different regions and similar images were obtained, thus demonstrating the reproducibility of the results. All images are shown without any image processing except in some cases where horizontal leveling and contrast enhancement were used. The diameters of helical units and strands of the polysaccharide were measured with Digital Instruments Nanoscope IV Software version 5.12r5.
The drop deposition method was used to prepare the TM-AFM samples, thus dissolutions of the biopolymers were required. Scleroglucan and the β-D-Glucan from a Lactobacillus suebicus were dissolved in water at 10 mg/L, and curdlan, which is not soluble in pure water, was dissolved in 5 mM NaOH aqueous solution, at a concentration of 10 mg/L. 0.5 µL of the solutions were pipetted onto cleaved sheets of mica. The samples were air-dried in a desiccator at atmosphere pressure for 24 h.
We found that at 0.4 M NaOH (pH 13.16) the strand separation of triplexes took place (denaturation). Some authors have documented the ability of the triple helices to spontaneously re-form upon restoration of the thermodynamic conditions (renaturation) [4] . To study the renaturation of the (1→3)-β-D-Glucan, a 1-mg/L solution in 0.4 M NaOH was neutralized with HCl and the salt was removed by dialysis. Then, the previous described drop deposition method was used to prepare the samples for TM-AFM.
Results and Discussion
(1→3)-β-D-Glucan is produced by a lactic acid bacterium, Lactobacillus suebicus CUPV221 [15] . This biopolymer is a main linear chain of (1→3)-β-D-Glucopyranosyl units, with one (1→2)-β-D-Glucopyranosyl pendant unit attached to every two units of the main chain, as shown in Figure 1 [16] . Additionally, we previously performed a study of an identical polysaccharide, a branched 2-substituted (1→3)-β-D-Glucan, produced by P. parvulus 2.6, and the existence of a physical network in water solution at room temperature was proved by rheological measurements [17] . Furthermore, two facts demonstrated that it was a low-set gel or weak gel: (i) viscosity decreased above a certain shear rate, and (ii) the viscous modulus (G") was lower than the elastic modulus (G'), with a very slight dependence on frequency, behavior associated with weak gels [18] . Similar weak gel behavior has been described for scleroglucan [19] . Figure 2b depicts a TM-AFM image of a sample from a 10 mg/L aqueous solution of scleroglucan. The image shows a three-dimensional network formed by entanglements between strands like that of the (1→3)(1→2)-β-D-Glucan and scleroglucan (Figure 2a) .
Due to the rod like character of the (1→3)(1→2)-β-D-Glucan strands and their unwinding observed at 13.16 pH, a helical conformation was assigned [20] . The conformation of scleroglucan is also widely accepted as a rod-like triple helix [21, 22] . However, in view of the TM-AFM images, Figure 2 , and keeping in mind the repeating units of both biopolymers, it can be concluded that the strands of (1→3)(1→2)-β-D-Glucan are more stiff than those of scleroglucan.
In its solid-state, commercial curdlan is insoluble in water at room temperature. Therefore, to carry out the study by AFM it was necessary to prepare a solution with a suitable solvent. Due to the ionization of hydrogen bonds, curdlan dissolves easily in dilute alkalinesolutions. When this solvent is used to carry out morphological and structural studies, curdlan shows different morphologies depending on pH, ranging from endless microfibrils to spindle-shaped fibrils of various lengths [23] , or even thin lamellar hexagonal crystals [24] , and the conformation varies from triple or single helix to random coil [25] . When a weak alkaline solution is used to prepare the AFM samples, the curdlan structure could almost be maintained [8] . Thus, 5 mM NaOH aqueous solution, pH 11.75, was chosen to develop the present study. Figure 3 shows the morphology of curdlan after the evaporation of the solvent at room temperature. A height image (left) reveals a fairly rough morphology with a high density of spike-like growth features. Observing the phase image (right), a homogenous color of the image is seen. This means that more curdlan exists between the spindle-shaped joined microfibrils forming the spike-like features. When a higher magnification of this area was made, 2.5 µm × 2.5 µm scan, an entanglement of fibrils composed of laterally associated strands were observed (Figure 3b) . Trace analyses were also carried out to obtain quantitative information from AFM images. The diameter of the strands for curdlan was about 1.6 nm, slightly larger than that reported for the triple strand thickness by X-ray fiber diffraction, 1.56 nm [8, 26] . Moreover, this discrepancy between values by AFM and those determined by other techniques has already observed by other authors, and they propose that the dissimilarity might result from the fact that the molecules were distorted by desiccation or by interaction with the mica substrate, or that the molecules were partially embedded in a layer of water adhering to the mica surface [27] . The diameter of the strands of the (1→3)(1→2)-β-D-Glucan was about 1.8 nm [20] , similar to that found in the literature for scleroglucan [28] .
The structure of the (1→3)(1→2)-β-D-Glucans in units of helical conformation is an important basis for their functional properties. Nevertheless, this helical conformation is not stable at high pH or by increasing the temperature above the helix melting temperature. Thus, breaking of intermolecular hydrogen bonds takes place and the multi-helical units dissociate into single stranded random coils (denaturation) [4] . However, the triple helix can be reformed by neutralizing. Different structures have been mentioned in literature for renatured species: linear, circular, hairpin, multichain (aggregated) structures, etc. [4, 17] . The aim of the present work was to study the conformational transitions during the denaturation-renaturation for the (1→3)(1→2)-β-D-Glucan and to compare its behaviour with the scleroglucan behaviour from previous works found in the literature [4, 29] . The denaturation of the (1→3)(1→2)-β-D-Glucan took place at 0.4 M NaOH aqueous solution (pH 13.16) and after the neutralization TM-AFM images were taken.
As can be seen in Figure 4 , a mixture of linear, circular and hairpin structures in addition to larger clusters with less well-defined morphology were found. Similar behavior was observed for scleroglucan [4] and schizophyllan [30] . However, it should be mentioned that, for the (1→3)(1→2)-β-D-Glucan, a great dispersion structure sizes was observed (scales are shown below each image), small linear and circular structures ( Figure 4a ) coexisted with strands of 5 μm of length (Figure 4b ) and small circular structures (Figure 4a ) with rod-like linear strands (Figure 4c ). This behavior could be attributed to the more stiff character of the (1→3)(1→2)-β-D-Glucan biomacromolecules. The strand separation of triplexes was originally considered to be irreversible [4] , but later extensive analysis of many micrographs using scleroglucan samples in five different ranges of molecular weight suggested that the reconstituted molecules, both rods and rings, are substantially triple helical [31] . 
Conclusions
We have shown that the (1→3)(1→2)-β-D-Glucan from Lactobacillus suebicus CUPV221 forms three-dimensional network structures by entanglements between strands, as occurs with scleroglucan.
Due to the macromolecular structure and also possibly to the direction of the helical arrangement, (1→3)(1→2)-β-D-Glucan strands are more stiff than those of scleroglucan. Curdlan samples deposited from 5 mM NaOH aqueous solution showed supermolecular assemblies, which are recognized in the literature as micelles.
(1→3)(1→2)-β-D-Glucan after exposure to a denaturation-renaturation cycle forms various molecular topologies: linear, circular and hairpin structures in addition to larger clusters with less well-defined morphology.
